Infrared lock-in thermography not only allows one to image shunts very sensitively in all kinds of solar cells, but also to measure dark currents flowing in certain regions of the cell quantitatively. After dealing with the physical basics of quantitative lock-in thermography, three types of measurements are described: 1. the quantitative measurement of the I-V characteristic of a point shunt, 2. the evaluation of the influence of shunts on the efficiency of a cell as a function of the illumination intensity, and 3. the mapping of the ideality factor n and the saturation current density JO over the whole cell. The investigation of a typical multicrystalline solar cell shows that the shunts are deteriorating predominantly the low light level performance of the cell, and that crystal defect related variations of the injection current density are predominantly caused by a variation of Jo rather than of n.
INTRODUCTION
Lock-in thermography has been established to be a reliable tool to locate shunts in all kinds of solar cells [I] . This technique is based on an application of a periodically pulsed bias to the cell in the dark, and by measuring the surface temperature modulation by a sensitive 1R camera according to the lock-in principle. Since the phase of the T-modulation signal is not constant, two-channel lock-in detection has to be used. In each of the channels every pixel information of every incoming image is multiplied by a weighting factor, which changes from image to image and may be positive or negative. The results are added up in two separate frame storages. In the first channel the weighting factors are approximating a sin function and in the other channel a -cos function. Thus, after the measurement the image stored in the first frame storage is pmportional to the temperature modulation signal in-phase with the applied pulsed bias (O"-signal; Too(x,y) ), and that in the other storage is proportional to the T-modulation signal phase-shifted against the bias pulses by -90" (-90" signal; Tgo0(x,y) ). From these two images, the phaseindependent amplitude image A(x,y) and the phase image Q(x,y) can easily be calculated. More details about lock-in thermography can be found in [ 1, 31.
The aim of this paper is to show that lock-in thermography does not only permit to locate shunts, but also allows to measure their current quantitatively. Presupposition for these quantitative measurements is that the investigated cell is covered by a thin black-painted plastic film, which is sucked to the cell by a vacuum. This film serves as an efficient and homogeneous IR emitter. Three types of measurements will be desribed: 1. the quantitative measurement of the I-V characteristic of a point shunt, 2. the evaluation of the influence of shunts on the efficiency of a cell as a function of the illumination intensity, and 3. the mapping of the ideality factor n and the saturation current density Jo over the whole cell.
The sample used for these investigations was a multicrystalline EFG silicon solar cell 10*10 cm2 in size. All lock-in thermography measurements were performed by the system TDL 384 M 'Lock-in', which is commercially available by Thermosensorik GmbH since 2000 [2].
BASICS OF THE QUANTITATIVE EVALUATION OF LOCK-IN THERMOGRAMS
Simulations have revealed [ 1,3j that the plane integral of the -90" signal around an isolated point shunt is exactly proportional to the power dissipated by this shunt, if the intergration boundary is chosen sufficiently distant from the shunt. Any arbitrary spatial distrubition of heat sources can be considered as an arrangement of many point heat sources, with the -90" signals of these heat sources superimposing linearly. Therefore, within a sufficiently large area, the averaged -90" signal around a local shunt T-90° shunt in a certain area Ashunt is proportional to the averaged dissipated power density in this area. This also holds for a homogeneously heated region of any size, as well as for the whole solar cell area &,,, where the dissipated power is known. The latter measurement gives us the proportionality factor between the thermal signal and the dissipated power. If a homogeneous current injection is superimposed to the shunt current, the homogeneous Tsignal can be subtracted from the shunt signal in order to obtain only the current through the shunt. Since for a given bias the power is proportional to the current flowing, the above considerations finally lead to the following formula for calculating the current across a local shunt Ishunt [ 1, 31:
Poster
Note that the area Ahorn. , where the homogeneous signal is measured, does not appear in eq. (1). An example of a typical selection of these evaluation areas is given in Fig. 1 . Since for a homogeneous current flow also the thermogram is homogeneous, the -90" signal in such a Egion Ti :
: is proportional to the power density every-
where. This leads to the following formula for calculating the current I, shunts through a hypothetical cell of the same size as the original one containing no shunts [ 1, 31:
If only the influence of all edge shunts has to be evaluated, Anoedge can be chosen slightly smaller than Ace,,. In this case the following formula holds for the current of a hypothetical cell of the same size with no edge shunts:
,-90"
factor near unity over a large bias range, whereas in the positions of shunts, recombination sites, or other disturbations of the device, the ideality factor may be considerably larger. Note that in first approximation (within the limit of the frequency-dependent spatial resolution of this technique) the lock-in thermography amplitude image A(x,y) is proportional to the image of the local power density. Hence if voltage drops at series resistances of a solar cell can be neglected, the quotient between the amplitude signal and the applied bias can be interpreted to be proportional to the 2-dimensional distribution of the injection current density at the chosen bias [6] . Hence, if two lock-in thermograms Tvl(x,y) and p2(x,y) are taken at two different biases V, and V2, the assumption of an aponential I-V characteristic (3) between VI and V2 leads to the following formula for the local ideality factor between these two biases [ 1, 3-5 1:
The two biases VI and V2 have to be chosen close to the operation point of the cell, but not so large that the series resistance plays a role. Appropriate values are VI = 0.5 V and V2 = 0.5s V [5] . For the saturation current density Jo the folowing equation is obtained It is usual to describe a non-exponential I-V characteristic formally by a bias-dependent ideality factor, which is equivalent to the piecewise approximation of the nonexponential characteristic by exponential segments:
(e = electron charge, V = forward bias, kT = thermal energy, n(V) = ideality factor and &(V) = saturation current density) An ideal pn-junction should show an ideality
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Poster with with 12, V2 and Tvz (x, y) being the current, the bias and the amplitude signal averaged over the whole cell of the second measurement. Fig. 2 shows the dark I-V characteristic of the upper point shunt in Fig. 1 measured thermally according to eq. (1). The characteristic is highly non-linear (exponential) with an ideality factor of about 6. This shunt is lying below a grid line, so probably it is a Schottky-type shunt, where the grid metal is in contact with the base. Also all edge shunts show a non-linear characteristic and are pmbably recombination-induced. Fig. 3 shows the dark I-V characteristic of the whole cell, that of this cell without the edge shunts (but including the two point shunts) predicted by eq. (3), and that without any shunts, predicted by eq. (2). Fig. 4 shows the efficiency in all these three cases, calculated using the superposition principle with correctly regarding the effective series resistance of this cell. In this case of non-linear shunts the loss in efficiency due to the shunts is negligible at full illumination intensity, and it is about 0.5% (absolute) at 100 W/m2. However, in other cases we have shown [4] that ohmic edge shunts may degrade the efficiency at 100 W/m2 by about 2.5 % (absolute). 6 an LBIC image of the investigated cell. There is a certain correlation between the thermograms and the LBIC signal. This points to the fact that the dark forward current, which is reflected in the thermograms, is increased by the presence of recombinative crystal defects. Fig. 7 shows the mapping of the ideality factor n according to eq. (5), and Fig. 8 that of Jo according to eq. (6), both based on thermograms measured at 0.5 and at 0.55 V. All shunts present a high n factor value above 5. This value agrees well with that measured directly in the thermally measured local I-V characteristic shown in Fig. 2 . Between 0.5V and 0.55V, the n facor of the whole cell outside of the shunts is everywhere close to 1.4, whereas that of the measured characteristic (which is influenced by the shunts) is about 1.8. .' I 9. 41 . ' . ' . In Fig. 8 the logarihm of the saturation current Jo mapping using eq. (6) is presented. This image shows that shunts present also regions of a high saturation current density, thus correlating with the n-factor mapping results. However, the regions of poor crystal quality, which are easily visible in the LBIC image Fig. 6 and also in the thermogram in Fig. 5 , are only weakly visible in the 6 image Fig. 8 (note the strongly expanded logarithmic scale), but not in the n factor image Fig. 7 . This shows that the current injection mechanism in these regions differs qualitatively from that of shunts: While these non-linear shunts are mainly induced by local recombination currents, leading to a large n factor, in the regions of poor crystal quality the diffusion current is larger because of a lower diffusion length in these regions.
RESULTS

CONCLUSIONS
It was shown that lock-in thermography allows one to perform a quantitative analysis of the spatial distribution of the dark forward current density of solar cells. Thus it is possible to measure thermally the I-V characteristic of point shunts in a non-destructive way. The accuracy of this method recently has been proven by comparison with local emitter potential mapping (PRAMP [7] ); both independent measurements lead to the same current values within an accuracy of 10 % [8] . As a second type of quantitative analysis of lock-in thermograms, a hypothetical solar cell without any shunts can be modelled, whereby the influence of shunts on the efficiency as a function of the illumination intensity can be estimated. Finally the mapping of the ideality factor n and of the saturation current density Jo allows one to draw conclusions as to the current injection mechanism in different regions. 
